supporting this observation is derived from the evidence that adhesins on the surface of A. actinomycetemcomitans show specificity for cells derived from humans and Old World primates. 11 In our laboratory, a Rhesus (Rh) monkey model was designed to determine how A. actinomycetemcomitans can attach, colonize, and be retained in the primate oral cavity in a real-world environment where A. actinomycetemcomitans occurs naturally. 11 The current experiment was designed to further explore the ability of specific virulence traits that could influence A. actinomycetemcomitans survival in a competitive in vivo environment. To accomplish this task we mutated luxS, an autoinducer-2 (AI-2) -producing gene. 13 The purpose of these experiments was to (i) compare the oral colonization efficiencies of a luxS mutant in comparison to wild-type strains of A. actinomycetemcomitans in an animal model, and (ii) to examine the effects of the luxS mutation in vitro to better understand the in vivo results observed. The present study showed that the luxS mutation had minimal impact on A. actinomycetemcomitans colonization. Our in vitro study confirmed expectations that the luxS disruption can act as a global regulator, upregulating the genes responsible for supragingival attachment and biofilm formation. In vivo experiments supplemented by the in vitro data reinforced the global regulatory effects of luxS disruption as seen in a dynamic microbial ecosystem.
| MATERIALS AND METHODS

| Bacterial strains, growth conditions, and plasmids
The strains and plasmids used in this study are listed in Table 1 .
Rh monkey-derived fimbriated, serotype 'a' A. actinomycetemcomitans, wild-type RhAa3 was the parental strain used in this study. 14 A spectinomycin-resistant wild-type strain was developed by subculturing the strain in media with increasing concentrations of spectinomycin (Sigma-Aldrich, St. Louis, MO) until it reached 50 μg resistance.
The A. actinomycetemcomitans strains were grown on brain-heart infusion (BHI) agar plates containing 0.6% yeast extract (Becton Dickinson, Franklin Lakes, NJ) supplemented with 0.8% dextrose and 0.4% sodium bicarbonate. For liquid biofilm cultures, BHI broth with supplements was used. For the selection of the mutant strain, 50 μg mL −1 of spectinomycin was supplemented in the growth media.
The strains were grown in a 10% CO 2 incubator for 16/48 hours at 37°C. Escherichia coli strains were grown on Luria-Bertani (LB) agar or LB broth supplemented with the appropriate antibiotics in an aerobic 37°C incubator.
| DNA procedures
All DNA manipulations were carried out as previously described. 15 The PCR amplifications were performed using Phusion DNA polymerase as per the manufacturer's instructions (Thermoscientific, Waltham, MA). All primers used in this study are listed in Table 2 
| Construction of an A. actinomycetemcomitans luxS mutant
A luxS disrupted strain was constructed by insertional inactivation of a spectinomycin cassette (aadA) gene as described for creating the RhAa-VS2 strain 14 and the resultant strain was designated as ). The cells that had undergone a double crossover event were screened using primers luxSscreenF and luxSscreenR and the PCR products were confirmed by sequencing (Macrogen USA, New
York, NY). The resultant luxS disruption strain was designated as RhAa-VS4. 
| Congo red and crystal violet staining of biofilm
| Confocal microscopic analysis of the biofilms
Confocal microscopy was performed as described previously. 9 Confocal imaging of biofilm structures was carried out using a Nikon 
| RNA isolation and qRT-PCR
The total RNA isolation, purification, and genomic DNA removal were carried out as previously described. 9 The total RNA was con- DPD supplemented biofilm growth was analyzed by confocal microscopy imaging, Congo red staining, crystal violet staining and qRT-PCR analysis as described previously.
| AI-2 bioassays using the indicator strain Vibrio harveyi BB170
Aggregatibacter actinomycetemcomitans strains were grown in BHI broth at 37°C in a 10% CO 2 incubator. Samples of the biofilm culture supernatants were withdrawn from the plate every hour 
| In vivo oral colonization in a non-human primate
The in vivo colonization study using the non-human primate model was designed to compare the colonization abilities of RhAa3, RhAa-VS2, and RhAa-VS4. The detailed experimental plan was designed as described in Figure 1 . The experimental groups com- prophylaxis as described previously. 11 The monkeys were caged separately after inoculation to avoid cross-contamination of strains between the monkey groups. All monkeys were served with soft food to facilitate colonization of the newly inoculated labeled strains of A. actinomycetemcomitans.
Briefly, five monkeys were used in each group. 
| Supragingival plaque sampling and enumeration of A. actinomycetemcomitans
The dental plaque samples from monkey's teeth were collected using a 13/14 Columbia dental scaler (Hu-Friedy Mfg. Co., LLC, Chicago, IL).
The plaque samples were dispersed in 2 mL PBS and vigorously vortexed for 1 minutes. Then, a 100-μL sample was plated on BHI agar supplemented with bacitracin (75 μg mL ). The total bacterial population was enumerated by plating 100 μL of the plaque sample suspension on blood agar plates. All plates were incubated for 48 hours in a 10% CO 2 chamber. The recovered A. actinomycetemcomitans strains were identified by PCR amplification of the leucotoxin and spectinomycin cassette as described previously. were assessed by using Tukey-Kramer, setting P≤.05 as the level of significance.
| RESULTS
| Oral colonization of A. actinomycetemcomitans strains in the mouths of Rhesus monkeys
The purpose of this study was two-fold: (i) to understand the role of luxS in a Rhesus monkey's oral ecosystem resembling humans, and
(ii) to assess microbe-microbe interactions in the luxS mutated strain in greater detail by means of in vitro studies. In the present Rhesus monkey oral colonization study, we related the initial colonization efficiencies of an ltxA mutant (RhAa-VS-2, the negative control) and the luxS mutant strain (RhAa-VS-4) in comparison to the RhAa3 (the wildtype strain). We observed that the RhAa-VS4 strain colonized comparable to RhAa3 wild-type strain in 4 weeks post inoculation time.
The RhAa-VS2 strain was not able to colonize and survive (Figure 2A) . (Table 3) . Further, the native A. actinomycetemcomitans strains were shown to recolonize the oral cavity within 2 weeks ( Figure 2B ). Assessment of the total bacterial counts in all the monkey groups showed that there was an increase at 4 weeks post inoculation compared with 2 weeks post inoculation.
However, differences between groups were not statistically significant (AnoVA; P=.27) ( Figure 3A ). Visual determination of plaque levels using a Plaque Index indicated that plaque did not differ when groups were compared ( Figure 3B ).
| Characterization of ΔluxS mutant strain
To demonstrate that there was no luxS mRNA expression in RhAa-VS4 strain, RT-PCR was performed at the exponential phase of growth.
The result has shown that there was no amplicon in the RhAa-VS4 strain corresponding to the RhAa3 PCR product. The 16S rRNA served as the internal control ( Figure 4A ). Further, to confirm ablation of AI-2 in RhAa-VS4 strain, a standard AI-2 assay was performed using V. harveyi as the quorum sensing reporter strain. The results showed that the luxS mutant RhAa-VS4 strain did not produce the AI-2 molecule, whereas the wild-type RhAa3 as expected did show AI-2 production. In the DPD supplementation experiment, RhAa-VS4 showed a significant increase in bioluminescence compared with the RhAa-VS4
strains. AB medium was used as the negative control ( Figure 4B ).
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| Expression of adhesin genes in RhAa-VS4
To determine the regulatory effects of luxS disruption, several genes related to A. actinomycetemcomitans attachment were examined. 
| Biofilm formation and EPS production in RhAa-VS4
Biofilm formation is an important determinant of bacterial colonization and survival in a plaque environment. To evaluate biofilm-forming abilities, RhAa3, RhAa-VS4, and RhAa-VS4+DPD biofilms were grown for 16 hours in a CO 2 incubator and the biofilm formation was analyzed by confocal microscopy and crystal violet staining. The RhAa-VS4 strain showed a different morphological biofilm appearance compared with ( Figure 7A ). Furthermore, there was a significant increase in the pgaC (the gene responsible for exopolysaccharide synthesis) expression in RhAa-VS4 compared with RhAa3 using qRT-PCR (P=.0004).
Exogenous supplementation of DPD significantly decreased the pgaC gene expression in RhAa-VS4 strain compared with untreated RhAa-VS4 strain ( Figure 7B ).
| Biofilm cell viability of RhAa-VS4 strain
The viabilities of 16 hours RhAa3, RhAa-VS4, and RhAa-VS4+DPD biofilm cells were assessed by live/dead staining and confocal F I G U R E 4 Confirmation of luxS disruption. Reverse transcription polymerase chain reaction was performed using cDNA from RhAa3 and RhAa-VS4 using luxS gene specific primers. The genomic DNA template was used as the positive control and the total RNA with no reverse transcriptase was used as the negative control. Note that the luxS transcript corresponding to RhAa-VS4 did not amplify, suggesting the disruption of luxS. The experiment was repeated at least three times with independent cultures (A). To confirm the ablation of the AI-2 molecule by luxS mutant, the light production by Vibrio harveyi BB170 in response to RhAa3 and RhAa-VS4 was examined. RhAa-VS4+DPD was used as a positive control. The uncultured V. harveyi AB medium was used as a negative control. The percentage of relative luminescence units was calculated using the luxS mutant strain as 0. Data presented were from independent biological triplicate experiments and the significant difference was calculated using Kruskal-Wallis test (B). *P<.1, **P<.001
imaging. It was observed that there was no change in biofilm cell viability after 16 hours of growth. However, when the biofilm was grown for 48 hours, the confocal image analysis showed that there was a significant decrease in biofilm cell viability in RhAa-VS4 (15.7±4.5% live cells; 84.3±7.8% dead cells) (P=.0002) (Figure 8 ). Further, confocal microscopic analysis at 48 hours showed typical biofilm colonies in RhAa-VS4. At 48 hours, the cell death was uniform all around the biofilm colonies and fewer live cells were seen on the surface of the biofilm colony in the RhAa-VS4 cells, suggesting that the 48 hours growth time was not appropriate for biological assessment. This conclusion was confirmed when the addition of DPD to the growth media for 48 hours did not alter the viability or the biofilm architecture of the RhAa-VS4 strain.
| DISCUSSION
The current study was designed to assess the effect of an A. actinomycetemcomitans quorum sensing related AI-2-producing gene, luxS, on colonization and survival in an in vivo model. This in vivo model has allowed us to determine the colonization efficiency of luxS compared with its wild-type strain. It is well known that F I G U R E 6 Biofilm formation. Biofilms were grown for 16 hours and stained with bacterial live/dead stain. Representative confocal micrographs from the 16 hours wild-type, RhAa-VS4 and RhAa-VS4+DPD biofilm are shown (A). The biofilm was also stained with crystal violet dye. The amount of bound crystal violet (absorbance at 595 nm) was proportional to biofilm formed, which was significantly increased in RhAa-VS4 compared with RhAa3(*P<.05) (B). The biofilm depth was measured in 11 different spots on the glass bottom plate for each strain and significant differences were analyzed by analysis of variance (*P<.05) (C). All experiments were conducted in independent triplicates. *P<.1, **P<.001
Comparative expression profile of selected adhesin genes. The relative expression levels of the genes involved in attachment such as aae, apiA, and flp were quantified by quantitative reverse transcription polymerase chain reaction as described in the Methods section. The results are presented as means±SD for independent triplicate cultures normalized to 5S rRNA. The significant relative expression fold differences (P<.05) between the strains were calculated by analysis of variance using Kruskal-Wallis test. Note that aae, apiA, and flp were upregulated in RhAa-VS4. The aae and apiA adhesin genes were responsible for BEC binding whereas flp was responsible for hydroxyapatite binding. The functional complementation of DPD (100 nmol/L −1
) significantly decreased the expression of aae and apiA. *P<.1, **P<.001, ***P<.0001
A. actinomycetemcomitans uses chemical signals between and within species in the oral cavity. 18, 19 This communication between the microbes through chemical signaling is known as quorum sensing. 20 Our in vitro experiments were designed to provide a more in-depth understanding of why mutation of luxS failed to reduce the in vivo colonization of our RhAa-VS4 strain and why our RhAa-VS2 strain (the ltx mutant) failed to colonize and survive. 14 We did not expect that the RhAa-VS4 strain would colonize at almost the same frequency as the wild-type strain of A. actinomycetemcomitans since this strain did not produce the autoinducer AI-2 molecule. However, these results were substantially clarified by in vitro analysis of changes seen in the mutant strains. In Mannheimia sp., it has been shown that the luxS disruption resulted in increased attachment properties. 21 As such the present in vitro studies also demonstrated global upregulation of biofilm formation, polysaccharide production, and overall adherence. It has been shown that a luxS mutant of E. coli had pleiotropic effects on the production of autoinducer-3 which serves as the quorum sensing signal for virulence genes.
22
Quorum sensing is a mechanism used for both inter-and intraspecies communication in the oral cavity by means of signaling molecules, which include: acylated homoserine lactones, 23 small peptides, 24 quinolones, 25 or furan derivatives. 26 Quorum sensing has been shown to have a positive or negative effect on the expression of bacterial biofilm phenotypes. 27 In A. actinomycetemcomitans, AI-2 molecules are This could be attributed to the inherent instability of the DPD molecule and hence luxS mutations were not always responsive to chemically
synthesized DPD under the conditions tested. 33 In the present study, we showed that the functional complementation of luxS mutant with chemically synthesized DPD was effective in recovering the RhAa-VS4 strain up to 16 hours. However, at 48 hours A. actinomycetemcomitans was not viable and no effect was observed because of the supplementation of DPD. Hence, we proposed that genes responsible for recognizing DPD may fail due to massive cell death observed at the 48 hours time accounting for the lack of recognition of DPD.
Hence, to reiterate, results seen in our in vivo studies could be 
31
In vitro experiments also showed that the luxS mutant expressed an increased ability to form biofilm, EPS, and attachment qualities such as upregulation of flp. Laboratory strains such as the JP2 strain of A. actinomycetemcomitans have been shown to lack expression of flp, so it is possible that reduced biofilm growth in luxS mutants in the JP2 strain could partially explain differences seen in our results compared with those seen in the experiments reported. 18 Taken together, and as suggested by others, the loss of quorum sensing could be balanced by providing alternative signaling coupled with a more protective biofilm environment, thus compensating for defects in the luxS-mutated strain. These results confirm the global regulatory features related to quorum sensing signals and support the unique advantage of our in vivo model for studying the intricacies of quorum sensing and quorum quenching in a complex ecology.
We used the ltxA mutant strain as a negative control in these experiments because previous experiments indicated that mutation of the ltxA gene influenced the widespread colonization island related to attachment and colonization. Hence, the failure to colonize in vivo reflected a broader effect of the ltxA mutation on other genes in the A. actinomycetemcomitans genome. We have previously shown that the RhAa-VS2 strain (the ltxA mutant) had a decreased binding to hydroxyapatite beads and this was mediated by genes in the tad operon. These in vitro findings were supported by the in vivo experiments clarifying the failure of RhAa-VS2 strain to colonize the Rh monkeys oral cavity. 14 The present in vivo experiments illustrate that the mutation can cause suppression of seemingly unrelated genes (ltx and the tad genes)
in RhAa-VS2 strain and cause upregulation of genes that can compensate for the deficiencies caused by the mutation of luxS (and upregulation of biofilm EPS and attachment genes). Overall, these experiments indicated that coupling in vitro data with in vivo data could provide useful supplemental and supportive information. Taken together these studies support previous work suggesting that the AI-2 molecule can act as a global regulator. 34, 35 Results from this study can be summarized in two ways. In conclusion, colonization and adaptation are critical characteristics required for the survival of microbes in a complex oral ecosystem.
We have disrupted two genes related to A. actinomycetemcomitans colonization and survival. The RhAa-VS4 strain colonized and survived successfully. In contrast, the RhAa-VS2 strain failed to colonize. Analysis from in vitro studies, derived in part from previously published work, showed that the RhAa-VS2 failed to express genes in the Tad, locus which negatively affected colonization; 14 whereas the luxS mutant, as presented in this work, was compensated for by upregulation of other genes related to biofilm formation. In the context of A. actinomycetemcomitans, a bacterium with a small genome, gene disruptions can either positively or negatively affect autologous and exogenous genes that can affect colonization and survival. These observations provide a powerful rationale for using a relevant in vivo model in combination with in vitro assessments when examining gene alternations associated with ecological harmony.
